Opioid ([3H]naloxone) and spirodecanone (PH]spiperone) binding sites in the hippocampus were vi sualized in the Mongolian gerbil and in the rat using in vitro autoradiography. In the hippocampus, marked dif ferences were noted in the stratum (sr.) pyramidale of the CAl subfield where opioid and spirodecanone (assayed in the presence of mianserin and sulpiride) binding activi ties were very low in gerbils, but high in rats. Gerbils exhibited a high concentration of [3H]naloxone binding sites in the sr. pyramidale of the CA3 subfie1d, as ob served in the rat. In addition, the gerbil has a very high opioid receptor density in the hilar region and in the Sf. moleculare of the dentate gyrus. The cellular localization of opioid and spirodecanone receptor sites was studied in The Mongolian gerbil (Meriones unguiculatus) is an excellent model of cerebral ischemia, since the cerebral circulation of this animal is unique in that there are no posterior communicating arteries (Kahn, 1972; Levine and Payan, 1966) . Gerbils are also used as a model of epilepsy because of the rel ative ease in eliciting seizures (Loskota and Lomax, 1975; Majkowski and Bonadio, 1984). They develop spontaneous seizures by simple ma neuvers, such as placing them in a novel environ ment. Interestingly, a gerbil strain with high seizure sensitivity has less dense dendritic spines and a greater proportion of mossy tuft area devoted to presynaptic vesicles in the CA3 subfield of the hip pocampus (Paul et aI., 1981). Moreover, seizure sensitive gerbils show an increase in both the number of glutamic acid decarboxylase [the synthe-568 the rat hippocampus using selective neuronal damage to CA 1 and CA3 neurons by means of ischemia and kainic acid treatment, respectively. The results suggest that the gerbil differs from the rat with respect to the character istic pyramidal cells (spirodecanone binding site) and in terneurons (opioid receptor) in the CAl subfie1d of the hippocampus. Distinct localization of opioid and spiro decanone receptors in the gerbil provides a good model with which to investigate the electrophysiological and biochemical roles of opioid peptides and butyrophenone spirodecanone drugs.
Summary: Opioid ([3H]naloxone) and spirodecanone (PH]spiperone) binding sites in the hippocampus were vi sualized in the Mongolian gerbil and in the rat using in vitro autoradiography. In the hippocampus, marked dif ferences were noted in the stratum (sr.) pyramidale of the CAl subfield where opioid and spirodecanone (assayed in the presence of mianserin and sulpiride) binding activi ties were very low in gerbils, but high in rats. Gerbils exhibited a high concentration of [3H]naloxone binding sites in the sr. pyramidale of the CA3 subfie1d, as ob served in the rat. In addition, the gerbil has a very high opioid receptor density in the hilar region and in the Sf. moleculare of the dentate gyrus. The cellular localization of opioid and spirodecanone receptor sites was studied in The Mongolian gerbil (Meriones unguiculatus) is an excellent model of cerebral ischemia, since the cerebral circulation of this animal is unique in that there are no posterior communicating arteries (Kahn, 1972; Levine and Payan, 1966) . Gerbils are also used as a model of epilepsy because of the rel ative ease in eliciting seizures (Loskota and Lomax, 1975; Majkowski and Bonadio, 1984) . They develop spontaneous seizures by simple ma neuvers, such as placing them in a novel environ ment. Interestingly, a gerbil strain with high seizure sensitivity has less dense dendritic spines and a greater proportion of mossy tuft area devoted to presynaptic vesicles in the CA3 subfield of the hip pocampus (Paul et aI., 1981) . Moreover, seizure sensitive gerbils show an increase in both the number of glutamic acid decarboxylase [the synthe-the rat hippocampus using selective neuronal damage to CA 1 and CA3 neurons by means of ischemia and kainic acid treatment, respectively. The results suggest that the gerbil differs from the rat with respect to the character istic pyramidal cells (spirodecanone binding site) and in terneurons (opioid receptor) in the CAl subfie1d of the hippocampus. Distinct localization of opioid and spiro decanone receptors in the gerbil provides a good model with which to investigate the electrophysiological and biochemical roles of opioid peptides and butyrophenone spirodecanone drugs. Key Words: Gerbil-Hippo campus-Opioid receptor-Receptor autoradiography -Spirodecanone. slZlng enzyme fo r -y-aminobutyric acid (GABA)] positive somata and terminals in the dentate gyrus compared with the seizure-resistant gerbils (Pe terson et aI., 1985) . These studies suggest the in volvement of the hippocampus in the seizure activi ties characteristic of the gerbil. However, only a few investigations have been reported on the distri bution of neurotransmitter binding sites in the hip pocampus of the gerbil. By means of in vitro re ceptor autoradiography, we fo und that the autora diographic patterns of adenosine AI (Onodera and Kogure, 1985) , muscarinic cholinergic (Onodera et aI., 1987b) , GABAA (Onodera et aI., 1987a) , and benzodiazepine (Onodera et aI., 1987a) binding sites in the gerbil hippocampus are similar to those in the rat. In the present study we compared the distribution of opioid and spirodecanone binding sites in the hippocampus using [3H]naloxone and [3H]spiperone, respectively, and fo und that the dis tribution of these receptor sites in gerbils is mark edly different from that in rats. Cellular localization of opioid and spirodecanone receptor sites was studied in the rat hippocampus using selective neu ronal damage to CA I and CA3 neurons by means of ischemia and kainic acid treatment, respectively (Onodera et aI., 1986) .
MATERIALS AND METHODS
Male Wistar rats (220-280 g) and Mongolian gerbils of either sex (60-90 g) were used. The gerbils used in the present experiment showed no overt seizures. The an imals were housed under a standardized light and dark cycle (light 8:00 to 20:00).
Selective lesion of the hippocampus in the rat CA3 lesion. Destruction of CA3 pyramidal cells in the rat was accomplished by intraventricular injection of L alpha kainic acid as described previously (Onodera et aI., 1986) . Briefly, animals were anesthetized with pentobar bital (50 mg/kg, i.p.) and treated with atropine sulfate (0.5 mg/kg, i.p.). Kainic acid (0.6 fLg in 1 fLl of phosphate buffer, pH 7.4) or buffer alone was stereotactically ad ministered into the left lateral ventricle over a period of 10 min and the syringe was left in place for another 2 min. The site of 0.6 mm posterior to the bregma, 2 mm lateral to the midline, and 3.4 mm deep from the dural surface. Animals were killed 5 days after kainic acid injection. After unilateral kainic acid injection, innervation to the CAl pyramidal cells results in a condition in which the left CAl pyramidal cells (ipsilateral to the injection) con tain only commissural afferents (from the right CA3 pyra midal cells), and the right CAl pyramidal cells have only Schaffer collaterals (from the right CA3 pyramidal cells). Animals given the buffer control were also killed 5 days after the operation. Since a preliminary study revealed no difference in the [3H]naloxone and [3H]spiperone binding between rats injected with buffer alone and those given no stereotactic operation, buffer-injected rats were used as controls.
CAl lesion. For unilateral CAl pyramidal cell dam age, rats were subjected to 20 min of forebrain ischemia (Onodera et aI., 1986) by the modified method of Pulsi nelli and Brierley (1979) . Briefly, 4 days after kainic acid injection, the animals were anesthetized with pentobar bital (50 mg/kg, i.p.) and both vertebral arteries were electrocauterized. The next day, the common carotid ar teries were exposed under 2% halothane anesthesia. After completion of the surgery, halothane was discon tinued and 3 min later, both common carotid arteries were clipped for 20 min. Bilateral loss of righting reflex and flat electroencephalograms obtained within 1 min after carotid clipping were used as criteria for forebrain ischemia. The animals were killed 5 days after ischemic insult. Pyramidal cells in the CAl region ipsilateral to the kainic acid injection were preserved in spite of neuronal necrosis in the contralateral CAl region (Onodera et aI., 1986) .
Receptor autoradiography
All animals were killed between 12:00 and 14:00 by means of decapitation and the brains were frozen in pow dered Dry Ice. Coronal sections 10 fLm in thickness were cut on a cryostat and thaw-mounted onto gelatin-chrome alum-coated slides. Sections were stored at -80°C until assay. Adjacent sections were stained with cresyl violet for histopathology. Histopathological observations after kainic acid treatment and ischemic insult have been re ported elsewhere (Onodera et aI., 1986) .
Opioid receptors were visualized using the radiola beled antagonist [3H]naloxone by a slight modification of the method reported by Herkenham and Pert (1982) . The sections were incubated for 60 min at 4°C in 50 mM Tr is HCI buffer (pH 7.4) and 100 mM NaCI with 5 nM pH]nal oxone (Amersham). Following incubation, the sections were washed for 1 min at 4°C in the buffer and dipped once into distilled water at 4°C. Nonspecific binding was determined in the presence of unlabeled naloxone (10 fLM)· Autoradiograms of spirodecanone sites using [3H]spi perone were generated according to the method of Pa lacios et al. (1981) after slight modification. Sections were incubated with 1 nM PH]spiperone (Amersham) at room temperature in 170 mM Tr is-HCI buffer (pH 7.4) for 40 min. Various ions were included in the buffer: 120 mM NaCl; 5 mM KCI; 2 mM CaClz; 1 mM MgClz' Sulpiride (10 fLM) and mianserin (100 nM) were added to block do pamine (Dz) and serotonin (5-HTz) receptors, respec tively. Sections were rinsed for 1 min at 4°C in the buffer and dipped once into distilled water at 4°C. Nonspecific binding was determined in the presence of unlabeled spiperone (1 fLM). Dried sections were apposed to LKB Ultrofilm for 4 to 8 weeks.
The optical density was measured by the IBAS2 image analyzer system (Zeiss). The relationship between optical density and radioactivity was obtained with reference to the [3H]microscale (Amersham) coexposed with the tissue sections, using the fourth order polynomial func tion. Since specific [3H]spiperone binding activity in the hippocampus in the gerbil was very low, accurate quanti tation of spirodecanone binding sites in the gerbil could not be obtained.
Although beta-rays emitted by tritium are quenched to various degrees due to the difference in tissue density (Geary et aI., 1985, Kuhar and Unnerstall, 1985) , differ ences in myelination in the region of interest could not be found between the gerbil and rat. The quenching level of beta-rays in the structures analyzed could not be deter mined. However, the radioactivity calculated without correcting for the quenching level provides no fatal errors. This is because the regions of interest in the sec tions incubated for nonspecific binding showed no differ ence in grain density between rats and gerbils. Nonspe cific binding of [3H]naloxone in the gerbil hippocampus calculated from autoradiograms was not different from that in the cerebral cortex, in which the gerbil exhibited similar naloxone receptor distribution to the rat. Statis tical comparisons after selective neuronal lesion in the rat were made using the Student's t test.
RESULTS

Opioid receptor
Rat hippocampus. Ta ble I shows the quantitative data using [3H]naloxone in the hippocampus of rats. In agreement with previous studies [3H]nal oxone binding sites in the hippocampus were local ized in a stratified manner and the stratum pyrami dale of CAl and CA3 displayed high binding ac tivity (Fig. 1). [3H]naloxone receptors were also abundant in the stratum lacunosum-moleculare of the CA3. The grain density in the hilus was mod erate whereas that in the strata granulosum and moleculare of the dentate gyrus was relatively low. Strata oriens, radiatum, and lacunosum-moleculare of the CAl subfield and strata oriens and radiatum of the CA3 subfield all had a low grain density.
Selective hippocampal lesion to the rat (Table 1) . The dose of kainic acid used in this study produced neuronal depletion confined to the CA3 region ipsi lateral to the injection (Onodera et aI., 1986) . CAl pyramidal cells and dentate granule cells in both sides and CA3 pyramidal cells in the contralateral side remained normal after kainic acid treatment. After selective CA3 damage, the [3H]naloxone re ceptor density in the CAl region was not different fr om that of animals injected with the buffer alone. Tr ansient fo rebrain ischemia produces selective py ramidal cell necrosis in the CAl subfield, while GABAergic interneurons are kept intact. The high [3H]naloxone binding activity in the stratum pyra midale of the rat CA 1 remained unaltered in spite of CAl pyramidal cell depletion due to ischemia.
Gerbil hippocampus. Ta ble 2 shows the distribu tion of [3H]naloxone binding sites in the gerbil brain. The distribution of [3H]naloxone binding in the gerbil was similar to that in the rat in most brain areas (Fig. 2) . A high grain density was noticed in the nucleus accumbens, caudate-putamen (intense accumulation of silver grains exhibited a patchy manner), amygdaloid nuclei, medial habenula, su periaqueductal gray matter of the superior colliculus, periaqueductal gray matter, and substantia nigra. In the hippocampus (Fig. 1) the [3H]naloxone binding sites were highly concentrated in the stratum pyra midale of the CA3 region as they were in the rat. Major differences between the gerbil and the rat were observed in the CA 1 subfield of the hippo campus. The grain density in the stratum pyrami dale of the CAl region was very low and was not different fr om that in the dendritic fi elds. In striking contrast to the rat the hilus and the stratum molec- Vol. 8, No.4, 1988 ulare of the dentate gyrus in the gerbils possessed a very high grain density.
Spirodecanone binding site
[3H]Spiperone binding sites were highly concen trated in the rat CAl subfield (Fig. 1) . Binding ac tivities in the CAl subfield were as follows: stratum oriens, 168.9 ± 24.4; stratum pyramidale, 629.8 ± 25.1; stratum radiatum, 184.5 ± 3.1 (mean ± SEM fmol/cm 2 , N = 3). Autoradiographic grains in this region were not displaced by either mianserin or sulpiride but were eliminated by 1 /oLM spiperone (data not shown). In the CAl subfield of the rat the stratum pyramidale showed the highest grain den sity. Strata oriens, radiatum, and lacunosum-mole culare all had an intermediate level of binding. The CA3 subfield and dentate gyrus in the rat had trace binding activity. In contrast to the high spiro decanone binding activity in the rat CAl the gerbil showed trace binding activity in the stratum pyra midale of the CAl subfield. Strataoriens, radiatum, and lacunosum-moleculare of gerbil CAl lacked spirodecanone binding activity (Fig. 1) .
Selective damage to the rat CA3 neurons using kainic acid did not alter the spirodecanone binding activity in the CAl subfields, neither ipsilateral nor contralateral to the kainic acid injection (data not shown). After ischemic insult, CAl pyramidal cells ipsilateral to the kainic acid pretreatment (left) were preserved in spite of neuronal necrosis in the contralateral CAl pyramidal cells (Onodera et aI., 1986) . A marked drop in spirodecanone binding ac tivity was detected in the right CAl subfield (Fig.  3B) , indicating that spirodecanone binding sites in the rat CAl are localized predominantly on the CA 1 pyramidal cells.
DISCUSSION
The present study has shown that the hippo campal localization of opioid and spirodecanone binding sites in the gerbil is quite different from that in the rat. The marked distinction in receptor c binding using in vitro receptor autoradiography cannot be an artificial product due to the difference in the tritium quenching level, since nonspecific binding in the gerbil hippocampus was similar to that in the rat. Moreover, our previous studies using in vitro autoradiography revealed that the distributions of muscarinic cholinergic, GABAA, benzodiazepine, and adenosine Al receptors in the gerbil are similar to those in the rat (Onodera and Kogure, 1985; Onodera et al., 1987a; 1987b) . The rat exhibited high opioid receptor activity in the stratum pyramidale of both the CA 1 and CA3 re gions, whereas the gerbil had trace receptor ac tivity in the CAl in contrast to the high activity in the CA3. A very high density of [3H]naloxone binding sites was identified in the hilus and in the stratum moleculare of the dentate gyrus in the gerbil, where the rat had an intermediate level of binding. Although [3H]naloxone labels mu-, delta-, and kappa-opioid receptors, the present condition used predominantly labels mu receptors in the rat. However, mu-and kappa-opioid receptors are simi larly distributed in the rat hippocampus (Zamir et al., 1985) . Whether [3H]naloxone labels only the mu receptor or also other opioid subtypes in the gerbil hippocampus in the present condition re mains to be determined. The high density of opioid binding sites in the stratum moleculare of the den tate gyrus may reflect an epileptic phenomena characteristic of gerbils. The protective role of high opioid receptor density against seizure activity may also be considered. Lee et al. (1986) reported that seizure-sensitive gerbils demonstrated greater brain opioid binding (e.g. , dentate gyrus) compared with seizure-resistant gerbils. Opioid peptides cause ex citation in the hippocampal pyramidal cells (Henriksen et al., 1978; Zieglgansberger et al., 1979) , although they have inhibitory effects in most brain regions (Bradley et al., 1976; Frederikson and Norris, 1976) . Previous studies have indicated that opioid peptides augment pyramidal cell activity by the depression of inhibitory interneurons, which are possibly GABAergic (Nicoll et al., 1980; Ziegl gansberger et al., 1979) . The contribution of opioid peptides in modulating seizure activity may be me diated by specific opioid binding sites (Lewis et al., 1981) .
Tr ansient forebrain ischemia produces selective pyramidal cell necrosis in the CAl subfield, while GABAergic interneurons are kept intact (Johansen Pulsinelli et al., 1982) . The high [3H]naloxone binding activity in the stratum pyra midale of the rat CA 1 remained unaltered after se lective CAl pyramidal cell depletion by ischemia. Moreover, selective CA3 damage by kainic acid in the rat fa iled to alter [3H]naloxone binding in the CAl region. These data correspond well with pre vious reports that indicated the localization of opioid receptors on interneurons but not on pyra midal neurons in the CAl subfield (Unnerstall et aI., 1983) .
[3H]Spiperone labels not only D 2 and 5-HT 2 re ceptors but also spirodecanone sites, the signifi cance of which is unknown. The present study con firms earlier reports of a high density of spiro decanone sites in the stratum pyramidale of the CA I subfield in the rat hippocampus (Kohler, 1984) . In contrast to the high concentration of spirodecanone sites in the rat, the gerbil had trace binding activity in this region. After selective CAl pyramidal cell damage by ischemia in the rat, a marked drop in spirodecanone binding activity was detected in the CAl subfield. This suggests that spirodecanone binding sites in the CAl region of the rat are localized predominantly on the CAl py ramidal cells. The distribution of spirodecanone binding sites on intrinsic neurons in the entorhinal area, which innervates the dentate granule cells, has also been reported (Kohler, 1984) .
Judging fr om the marked differences in opioid and spirodecanone binding activities in the hippo campal fo rmation, the gerbil may diffe r from the rat with respect to the characteristic pyramidal cells (spirodecanone binding site) and interneurons (opioid receptor) in the CAl subfield. The gerbil may provide a good model to investigate the elec trophysiological and biochemical roles of opioid peptides and butyrofenone spirodecanone drugs.
